Diphtheria toxin A-fragment enters the cytosol of target cells, where it inhibits protein synthesis by catalyzing ADP-ribosylation of elongation factor 2 (EF-2). We have here analyzed toxin-induced protein synthesis inhibition in single cells by autoradiography and compared it with inhibition of protein synthesis in the whole cell culture. The data show that half-maximal protein synthesis inhibition in the whole cell population after a short incubation time is achieved by partially inhibiting protein synthesis in basically all the cells, while half-maximal protein synthesis inhibition after a long incubation time is due to a complete protein synthesis block in about half the cells in the population. We have also compared stable and unstable A-fragment mutants with respect to the kinetics of cell intoxication. While the toxicity of the stable mutants increased with time, the unstable mutants showed a similar toxicity at early and late time points. When studying the kinetics of cell intoxication by toxins with short cytosolic half-life, we could not detect any recovery of protein synthesis at late time points when all the mutant A-fragments should be degraded. This indicates that the ADP-ribosylation of EF-2 cannot be reversed by an endogenous activity in the cells. The data indicate that entry of toxin into a cell is not associated with an immediate block in protein synthesis, and that prolonged action of single A-fragment molecules in the cytosol is sufficient to obtain complete protein synthesis inhibition at low toxin concentrations.
Diphtheria toxin A-fragment enters the cytosol of target cells, where it inhibits protein synthesis by catalyzing ADP-ribosylation of elongation factor 2 (EF-2). We have here analyzed toxin-induced protein synthesis inhibition in single cells by autoradiography and compared it with inhibition of protein synthesis in the whole cell culture. The data show that half-maximal protein synthesis inhibition in the whole cell population after a short incubation time is achieved by partially inhibiting protein synthesis in basically all the cells, while half-maximal protein synthesis inhibition after a long incubation time is due to a complete protein synthesis block in about half the cells in the population. We have also compared stable and unstable A-fragment mutants with respect to the kinetics of cell intoxication. While the toxicity of the stable mutants increased with time, the unstable mutants showed a similar toxicity at early and late time points. When studying the kinetics of cell intoxication by toxins with short cytosolic half-life, we could not detect any recovery of protein synthesis at late time points when all the mutant A-fragments should be degraded. This indicates that the ADP-ribosylation of EF-2 cannot be reversed by an endogenous activity in the cells. The data indicate that entry of toxin into a cell is not associated with an immediate block in protein synthesis, and that prolonged action of single A-fragment molecules in the cytosol is sufficient to obtain complete protein synthesis inhibition at low toxin concentrations.
Several plant and bacterial toxins are able to enter the cytosol of target cells where they inhibit cellular protein synthesis through catalytic action. Diphtheria toxin is a 58-kDa protein that is cleaved (nicked) by low concentrations of trypsin into two fragments, A (21 kDa) and B (37 kDa), linked by a disulfide bond (1, 2) . The B-fragment mediates the binding of the toxin to a cell surface receptor, and the toxin is subsequently endocytosed. The low pH in endosomes induces a conformational change in the toxin molecule (3) (4) (5) , leading to translocation of the A-fragment to the cytosol (6 -8) . Once in the cytosol, the A-fragment catalyzes ADP-ribosylation of elongation factor 2 (EF-2), 1 thereby inactivating it, which leads to protein synthesis inhibition (9) and cell death (10) . When diphtheria toxin is bound to the cell surface and subsequently briefly exposed to acidic medium, thereby mimicking the conditions in the endosome, a direct and synchronous translocation of A-fragments to the cytosol is induced (7, 8) .
We have previously shown that when a short peptide (the FLAG epitope) with an N-terminal Asp residue was fused to the N terminus of diphtheria toxin A-fragment (DTA), the resulting protein (Asp-FLAG-DTA) was unstable in the cytosol (11) . The N-end rule pathway for protein degradation (reviewed in Refs. 12 and 13) relates the metabolic stability of a protein to the identity of its N-terminal amino acid residue, with typical destabilizing residues in mammalian cells being bulky, hydrophobic amino acids (Phe, Trp, and Tyr) and charged amino acids (Glu, Asp, Arg, Lys, and His), and we found that the unstable diphtheria toxin mutant was degraded by the N-end rule pathway. Additionally, when the N-terminal Asp residue of this protein was replaced by other amino acids, X, a panel of mutants (X-FLAG-DTA) displaying a broad range of intracellular stabilities was generated. When these mutant toxins were incubated overnight with Vero cells, the cytotoxicity of the mutants correlated well with their intracellular stability. In the present work, we have studied the kinetics of cell intoxication by such mutants, and the results support the notion that a prolonged action of the diphtheria toxin A-fragment in the cytosol is required for optimal toxicity.
Since a cellular activity catalyzing the same modification as that catalyzed by the diphtheria toxin A-fragment has been described (14, 15) , it was conceivable that the cell also has the ability to reverse the modification imposed by the A-fragment. However, since the A-fragment is very stable in the cytosol, it has been difficult to address this question. In the present work, we have used the unstable X-FLAG-DTA mutants as tools to analyze whether such reversal occurs.
It has been shown that one molecule of diphtheria toxin artificially introduced into the cytosol of a cell is sufficient to prevent the cell from multiplying and forming a colony (10), but it has not been clear if a single molecule is able to completely inhibit protein synthesis. We here investigate this by comparing protein synthesis inhibition in the whole cell culture with that in individual cells.
Eagle's minimal essential medium buffered with 20 mM HEPES and adjusted with NaOH to pH 7.4. Low pH buffer consisted of HEPES medium with 10 mM sodium gluconate adjusted to pH 4.8, or 140 mM NaCl, 5 mM sodium gluconate, 20 mM MES, adjusted with Tris to pH 4.8. Cacodylate fixing solution consisted of 0.1 M cacodylic acid, adjusted to pH 7.4 with NaOH, and with 1% glutaraldehyde added. Lysis buffer consisted of 0.1 M NaCl, 20 mM NaH 2 PO 4 , 10 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM N-ethylmaleimide, pH 7.4.
Cell Cultures-Vero cells were maintained and propagated under standard conditions (5% CO 2 in Eagle's minimal essential medium containing 5% fetal calf serum). Two days prior to the toxicity experiments, the cells were seeded into 24-well Costar plates at densities ranging from 1.5 ϫ 10 4 to 5 ϫ 10 4 cells/well. For autoradiography, the cells were seeded at a density of 1 ϫ 10 4 cells/ml onto microscope slides placed in Petri dishes. For binding/translocation experiments, the cells were seeded into 12-well Costar plates at a density of 2 ϫ 10 5 cells/well on the day preceding the experiments.
Measurement of Cytotoxicity of Endocytosed Toxin-Vero cells were incubated for 1 h in growth medium at 37°C with increasing amounts of nicked diphtheria toxin. The cells were washed and, either immediately or after incubation overnight in growth medium containing 5 M monensin to prevent further entry of endocytosed toxin, they were incubated in leucine-free HEPES medium for 30 min, followed by incubation for 30 min at 37°C in leucine-free HEPES medium with 4 Ci/ml [ 3 H]leucine. The cells were then washed twice with 5% trichloroacetic acid and dissolved in 0.1 M KOH, and the radioactivity associated with the cells was measured.
Measurement of Cytotoxicity Induced by Toxin Translocated by a Low pH Pulse-Vero cells were incubated for 1 h at 4°C with increasing amounts of nicked toxin or reconstituted toxin. Unbound toxin was washed away, and translocation was induced by exposing the cells to low pH buffer for 5 min at 37°C. The cells were incubated in growth medium in the presence of 5 M monensin to prevent further endocytosis, incubated in leucine-free HEPES medium for 30 min (only experiment in Fig. 3 ), and finally incubated in leucine-free medium containing 4 Ci/ml [ 3 H]leucine for 30 min at 37°C. The cells were then washed twice with 5% trichloroacetic acid, dissolved in 0.1 M KOH, and the radioactivity associated with the cells was measured.
Autoradiography-Cytotoxicity experiments were performed as above, but using 40 Ci/ml [ 3 H]leucine. After incorporation of radioactive leucine the cells were incubated for 30 min in cacodylate fixing solution, washed three times in HEPES medium, washed four times in H 2 O, and incubated at 0°C for 5 min in 5% trichloroacetic acid. The slides were then coated with NTB-3 nuclear track emulsion (Kodak IBI), air-dried, and stored at 4°C overnight. After development (Kodak Developer D-19) for 45 s, the slides were washed with H 2 O for 10 s, and fixed (Kodak UNIFIX) for 5 min, followed by a rinse in H 2 O. Finally, the cells were counter-stained with eosin (20 mg/ml) for 5 min and analyzed under phase-contrast and dark-field illumination. The number of silver grains in each cell was counted, and background counts were taken over cell-free areas of the slide and subtracted from counts over cells.
In Vitro Transcription and Translation-The construction of plasmids encoding the X-FLAG-DTA proteins was described previously (11) . Plasmid DNA was linearized downstream of the encoding gene, and transcription was carried out in a 20-l reaction mixture with T3 RNA polymerase as described (17) . The mRNA was precipitated with ethanol and dissolved in 10 l of H 2 O containing 10 mM DTT and 0.1 units/l RNasin (Promega, Madison, WI). The translation was performed for 1 h at 30°C in micrococcal nuclease-treated rabbit reticulocyte lysate (Promega, Madison, WI) containing 25 M of each of the 20 amino acids, and 5 l of the dissolved mRNA/100 l of lysate.
In Vitro Reconstitution of Active Toxin-When A-fragment and Bfragment are mixed under reducing conditions, and the reducing agent is subsequently removed by dialysis, active heterodimeric toxin will form quantitatively (18) . A-and B-fragments were made separately by in vitro transcription and translation, the translation mixtures were mixed together in a 1:1 ratio, and formation of the interfragment disulfide bond was facilitated by overnight dialysis against dialysis buffer. Toxins containing X-FLAG-DTA mutants were generated by cleavage of precursors with factor Xa as described previously (11), except that the reconstituted toxin was treated with 1 g of factor Xa/100 l of reticulocyte lysate for 2 h at 25°C. The amount of reconstituted toxin in the reticulocyte lysates was estimated by quantitative Western blotting.
Assay for Toxin Binding to Cells-Vero cells were incubated with increasing concentrations of nicked, 125 I-labeled diphtheria toxin in HEPES medium containing 10 M monensin for 20 min at 25°C, washed four times in HEPES medium, and lysed for 10 min on ice in lysis buffer. The cell lysate was transferred to an Eppendorf tube, nuclei were removed by centrifugation, and cellular protein was precipitated for 30 min on ice in the presence of 5% trichloroacetic acid. After centrifugation, the trichloroacetic acid pellet was washed in ether and subjected to SDS-PAGE and autoradiography.
Pronase Protection Experiments-Toxin was bound to Vero cells by incubation with HEPES medium containing 10 M monensin and increasing concentrations of nicked, 125 I-labeled diphtheria toxin for 20 min at 25°C. The unbound toxin was washed away. After a 2-min exposure to pH 4.8 at 37°C in MES-gluconate buffer, the cells were incubated for 10 min at 37°C with 5 mg/ml Pronase E in HEPES medium containing 10 M monensin. The cells, which now were detached from the plastic, were transferred to an Eppendorf tube and pelleted by centrifugation. After washing with HEPES medium containing 1 mM N-ethylmaleimide and 1 mM phenylmethylsulfonyl fluoride, the cells were lysed for 10 min in lysis buffer on ice, and nuclei were removed by centrifugation. Cellular protein was precipitated with 5% trichloroacetic acid for 30 min on ice and pelleted by centrifugation. The pellet was washed with ether and subjected to SDS-PAGE under non-reducing conditions.
Measurement of Cellular ATP Content in Toxin-treated Cells-The cells were lysed in lysis buffer, and the ATP level in the cell lysates was determined with a luciferase-based ATP monitoring kit (BioOrbit, Turku, Finland) according to the manufacturer's instructions. (10) reported that one diphtheria toxin A-fragment molecule in the cytosol is sufficient to abrogate the colony-forming ability of a cell. This study was performed by testing the viability of cells that were fused with single erythrocyte ghosts containing various numbers of Afragment molecules, and it was found that when each ghost on the average contained a single molecule of DTA, the majority of the cells formed no colonies, i.e. cell division was blocked. To test if the entry of a single A-fragment molecule to the cytosol is sufficient to completely inhibit protein synthesis when the toxin is taken up by the natural mechanism, we decided to compare toxin-induced inhibition of protein synthesis in whole cell cultures with that in single cells of the same culture. First, we carried out an experiment where Vero cells were exposed to different concentrations of diphtheria toxin for 1 h at 37°C, subsequently allowed to incorporate [ 3 H]leucine for 30 min, and then the incorporation into trichloroacetic acid-insoluble material by the whole cell population was measured by scintillation counting. Cellular protein synthesis was measured both directly after treatment with the toxin (Fig. 1A ) and after the cells had been further incubated for 18 h in the absence of toxin, but in the presence of monensin, which prevents further entry of toxin into the cytosol (Fig. 1E) . (Endocytic uptake is not blocked by monensin, but since the endosomes are not acidified, translocation of the A-fragment across the limiting membrane does not occur.) It was found that much less toxin (approximately 10-fold) was required to inhibit protein synthesis when the 18-h incubation was included, indicating that the internalized toxin requires a prolonged period of time to express its full effect.
RESULTS AND DISCUSSION

Inhibition of Cellular Protein Synthesis by Single Toxin Molecules-Yamaizumi et al.
If the toxin A-fragment enters the cytosol as single molecules, and if the probability for A-fragment entry is the same for all the cells in a homogenous culture, the number of molecules in the cytosol is likely to follow the Poisson distribution. Provided that the entry of one A-fragment molecule into the cytosol is actually sufficient to completely block cellular protein synthesis, this would imply that a population of cells incubated for an extended time period with a toxin concentration sufficient to reduce protein synthesis in the whole culture to, e.g., 50% of the control level would consist of two subpopulations of cells, namely one where protein synthesis is completely blocked due to the entry of one or a few A-fragments into the cytosol, and another one where no toxin has entered and protein synthesis therefore is unaffected. Furthermore, under conditions where protein synthesis in the whole culture is reduced to the half when measured directly after toxin treatment, one would expect several molecules to have entered each cell, and a continuum of protein synthesis levels to be represented when individual cells are analyzed.
To test if the predicted distribution of cells is obtained, we performed experiments where the conditions were identical to those used for protein synthesis measurements of the whole culture, except that the level of protein synthesis in individual cells was assessed by autoradiography and measured as number of silver grains per cell (Fig. 1, B-D and F-H) . The results showed as expected that, when the cells were incubated with a toxin concentration giving negligible protein synthesis inhibition, all the individual cells had incorporated high amounts of radioactivity (Fig. 1, B and F) , and correspondingly, that when the toxin concentration was sufficient to block protein synthesis completely, almost all the cells displayed very low incorporation of radioactivity (Fig. 1, D and H) . When the cells were incubated with a toxin concentration (10 ng/ml) yielding ap-
3 H]leucine, and few cells showed high levels or low levels (Fig. 1C) . However, when the culture was further incubated for 18 h before the isotope was added, almost all cells exhibited very low labeling (Fig. 1H) . This means that, after 1 h (Fig. 1C) , essentially all cells had received an inhibitory toxin dose, and that it took time for this dose to express its effect.
Cultures treated with a concentration of toxin (1 ng/ml) that gave negligible inhibition after 1 h (Fig. 1B) segregated into two populations after incubation overnight, one that displayed high numbers of silver grains per cell and another with a low number of grains per cell, while very few cells showed intermediate levels of incorporated radioactivity (Fig. 1G) . If more than one molecule were required to inhibit protein synthesis completely, some cells should have received single molecules that would, in that case, have given intermediary inhibition.
The results support the notion that when cells are exposed to high toxin concentrations many A-fragment molecules enter each cell, leading to a rapid inhibition of protein synthesis, while at low toxin concentrations few molecules enter each cell, requiring a long time to block protein synthesis completely. Assuming that the numbers of molecules, x, in each cell are Poisson-distributed according to a probability function p(x), we have calculated the distribution for the situation when 50% of the cells have no molecules in the cytosol, i.e. p(0) ϭ 0.5. In that case p(1) ϭ 0.35 and p(2) ϭ 0.12, and this implies that, in the situation shown in Fig. 1G , more than 90% of the cells in the inhibited subpopulation are likely to contain only one or two A-fragment molecules.
It has previously been argued that the A-fragment enters the cytosol as a large bolus of molecules, leading to a rapid inactivation of all EF-2 molecules in the cell (19) . From such a model, one would predict that a cell population treated briefly with toxin would consist of unaffected cells where no toxin had entered the cytosol, and cells where one or more boluses had entered, and where protein synthesis consequently would be completely blocked. However, our data are not compatible with such a model, since we found that a cell population treated briefly with toxin just before protein synthesis measurement consisted of cells representing all levels of protein synthesis (Fig. 1C) . Based on the data presented here, it is difficult to formally exclude the possibility that the event that we interpret as the entry of a single A-fragment molecule in the cytosol really represents the entry of a complex of a fixed, small number of molecules, and that the one such unit also requires an extended incubation time to completely inhibit protein synthesis. If this were the case, one may expect that introducing an A-fragment molecule with a translocation defect into such a complex would block the entry of the entire complex. We have previously found that disulfide bonds introduced into the Afragment by mutagenesis block its entry to the cytosol (20) , and we also observed that one such a mutant formed the disulfide bond inefficiently (in about 50% of the molecules). The chance of forming a complex exclusively containing translocation competent molecules when 50% of the molecules possess a translocation block would then depend on number of molecules, n, in the complex. In the case that n ϭ 2, this probability would be 25%, and the corresponding numbers for n ϭ 3 and n ϭ 4 would be 12.5% and 6.25%, respectively. However, the translocation block displayed by the mutant that partially formed the disulfide bond was no larger than the efficiency of the disulfide bond formation, arguing against the linked entry of several molecules. Additionally, the observation that the dimeric form of diphtheria toxin is non-toxic in short term experiments (21) ]leucine into trichloroacetic acid-precipitable material was measured as described under "Experimental Procedures." B-D, Vero cells were incubated with the toxin concentrations indicated by arrows on the curve in A, but instead of measuring the radioactivity of the entire cell population, the cells were subjected to emulsion autoradiography, and the number of silver grains over each cell was counted. Panels E-H correspond to panels A-D, respectively, but the cells were incubated with monensin for 18 h after exposure to toxin before protein synthesis was measured.
argues against a coupled cellular entry of several toxin molecules.
If several A-fragment molecules enter the cytosol together, one may expect that this process could involve a clustering of toxin molecules at the cell surface and, furthermore, that the efficiency of this clustering, and thereby also the efficiency of A-fragment translocation to the cytosol, might increase with increasing amounts of bound toxin. Moskaug et al. (22) developed a translocation assay where cell surface-bound, radiolabeled toxin was exposed to low pH to induce the translocation of the A-fragment to the cytosol, followed by treatment of the cells with Pronase to remove extracellular, non-translocated material. When the cells were then lysed and cellular proteins analyzed by SDS-PAGE, it was found that two bands were protected against the Pronase, i.e. the translocated A-fragment and a 25-kDa fragment derived from membrane inserted Bfragment. Later, other studies have confirmed that the Pronase-protected A-fragment actually represents protein that has been translocated to the cytosol (11, 23) . We have here performed an experiment where we have analyzed the amount of translocated A-fragment as a function of the amount of A-fragment present in bound toxin, and thereby calculated the translocation efficiency (Fig. 2) .
125 I-Labeled, nicked toxin was bound to Vero cells, which were either lysed directly, and proteins analyzed by reducing SDS-PAGE ( Fig. 2A, upper panel) , or the cells were exposed to pH 4.8 and the Pronase assay was performed ( Fig. 2A, lower panel) . The A-fragment bands in the gels shown in Fig. 2A were quantitated by scanning densitometry, and the amounts of bound and translocated A-fragment, and also the translocation efficiency (translocated/ bound), were plotted as functions of toxin concentration (Fig. 2,  B and C) . The results show that the translocation efficiency is rather constant (0.25-0.45) over the concentration range used, and that increasing the amount of bound toxin by 2 orders of magnitude does not lead to increased translocation efficiency, but rather reduces this efficiency slightly. We therefore consider it unlikely that the entry of diphtheria toxin into cells involves the clustering of several molecules at the cell surface. An alternative mechanism, by which several A-fragment molecules might enter the cytosol, is a rupture of an endosome with subsequent release of all intraendosomal toxin molecules into the cytosol. However, we consider it highly unlikely that the entry of diphtheria toxin involves such a mechanism, because we have previously shown that enzymatically active, mutant A-fragments that contain an internal disulfide bond are deficient in translocation (20) , implying that a specific translocation mechanism requiring A-fragment unfolding is involved.
When cells with surface-bound diphtheria toxin are exposed to low pH, a rapid, synchronous entry of A-fragments into the cytosol occurs (7, 8) , and, looking at the total cell population, this is a situation reminiscent of bolus entry, in that a large proportion of the cell bound toxin actually enters the cytosol in a synchronized manner. We have therefore performed experiments similar to those shown in Fig. 1 , but instead of allowing the toxin to enter the cells via endosomes, toxin was bound to the cells at 4°C, thereby preventing endocytosis, and translocation of the A-fragment to the cytosol was induced by a brief exposure of the cells to pH 4.8. The results (Fig. 3) were similar to those obtained when the toxin was endocytosed (Fig. 1) , thus indicating that also when the toxin enters the cytosol directly from the plasma membrane does the intoxication process involve a mechanism where a single A-fragment molecule can enter the cytosol of a cell and completely inhibit protein synthesis through prolonged action.
In both Fig. 1G and Fig. 3G , the average incorporation in the presumed unintoxicated cells is somewhat reduced compared with panels B and F in the same figures. The reason for this is not clear, but it could be due to an inhibitory effect of neighboring dying cells in the culture.
Inability of Cells to Repair the Toxin-induced Modification of EF-2-We have previously described a number of mutants of FIG. 4 . Kinetics of protein synthesis inhibition by DTA mutants with differing stabilities. A, toxin containing X-FLAG-DTA protein was generated by reconstituting an in vitro expressed precursor with the diphtheria toxin B-fragment, followed by exposure of the N-terminal amino acid X through cleavage with the site-specific protease factor Xa. In parentheses is indicated the previously determined (11) cytosolic half-life of each protein. The solid box indicates amino acids 2-189 of the diphtheria toxin A-fragment, and DTA therefore denotes the wild type A-fragment, only with the original N-terminal Gly residue replaced by Met. B, reconstituted toxin containing mutant (X-FLAG-DTA) or wild-type (DTA) A-fragment was bound for 1 h at 4°C to cells, which were then exposed to MES-gluconate buffer, pH 4.8, for 5 min at 37°C, followed by incubation at 37°C in HEPES medium with 10 M monensin for the indicated time periods. Finally, cellular protein synthesis was determined by measuring the amount of 3 H-labeled leucine incorporated into trichloroacetic acid-precipitable material. C, the data shown in B was replotted, with each panel representing a single toxin construct.
FIG. 5.
ATP levels in cells exposed to unstable toxins. An experiment similar to that in Fig. 4 was performed, except that in addition to measuring protein synthesis 24 h after the low pH pulse (circles), a parallel experiment was performed where the cells were lysed, and the ATP content in the cell lysate was determined (triangles). Open symbols, Arg-FLAG-DTA; closed symbols, Phe-FLAG-DTA. the diphtheria toxin A-fragment (DTA) containing a short peptide (FLAG) at the N terminus, and the intracellular stability of these mutants (denoted X-FLAG-DTA) could be strongly modulated by altering the identity of the N-terminal amino acid, X (11). We also found that there is a correlation between the intracellular half-life of the mutants and their cytotoxicity, thus suggesting that optimal toxicity requires that the toxin acts for several hours in the cytosol. We have chosen to further characterize five of these mutants (see Fig. 4A ), i.e. three very unstable (X ϭ Arg, Phe, Glu), one moderately unstable (X ϭ Ala), and one stable (X ϭ Met), with respect to the kinetics for protein synthesis inhibition. Additionally, we were interested in using the unstable X-FLAG-DTA mutants as a tool to address the question of whether diphtheria toxin-induced ADPribosylation of EF-2 is reversible (see below).
To study the kinetics of intoxication of cells by toxin mutants of varying stability, toxin was bound to Vero cells at low temperature to prevent endocytosis, followed by a brief exposure of the cells to low pH medium, thereby introducing A-fragment into the cytosol in a synchronized manner. The cells were then incubated for increasing time periods in growth medium containing monensin before cellular protein synthesis was measured. We found that when the cells were incubated for a short time period (0.5 or 1 h) after the low pH pulse, the difference in toxicity between the mutants was rather small (Fig. 4B, upper  panels) . However, when the incubation was extended to 4 or 24 h, the toxicity difference was larger (Fig. 4B, lower panels) , and there was a good correlation between the toxicity and the half-life.
In addition, when the data were replotted with each panel representing one mutant (Fig. 4C) , it clearly appears that while the very unstable mutants (X ϭGlu, Phe, Arg) displayed very similar protein synthesis inhibition curves irrespective of the time of incubation, the toxicity was increasing with time in the case of the stable proteins (DTA, X ϭ Met). The moderately unstable mutant (X ϭ Ala) showed an intermediate behavior.
From these data, it can be concluded that an intracellular half-life of several hours is required for optimal toxicity.
The existence of a cellular enzyme that catalyzes the same reaction as the A-fragment of diphtheria toxin, i.e. the ADPribosylation of EF-2 (14, 15), has been reported. Conceivably, an enzyme that reverses the modification of EF-2 catalyzed by the diphtheria toxin A-fragment could also exist. Because the A-fragment is very stable in the cytosol (24) , it has been difficult to address the question of whether the cell contains an activity that can reverse the modification of EF-2 mediated by the A-fragment. Mutant A-fragments that can be degraded by the N-end rule pathway could be useful tools for resolving this issue, since they can be used to expose the cytosol temporarily to A-fragment activity.
If the cell can reverse the modification of EF-2 mediated by the A-fragment, one would expect that when an unstable mutant A-fragment is introduced into the cytosol the initial drop in protein synthesis would be followed by a recovery. However, the data in Fig. 4C show that cellular protein synthesis did not recover to any significant extent after an unstable mutant was used to induce inhibition of protein synthesis. It can be calculated that in the case of the least stable mutant (X ϭ Glu), which has a half-life of 0.24 h, the cytosolic concentration would be reduced 100,000-fold by 4 h of incubation. Vero cells have approximately 100,000 diphtheria toxin receptors/cell. Since the dissociation constant for toxin binding to the cells is approximately 1 nM, i.e. roughly 1 order of magnitude higher than the concentration of an unstable toxin required to obtain halfmaximal protein synthesis inhibition, only approximately 10,000 molecules are bound to each cell under these conditions, and not all molecules are translocated to the cytosol by the low pH pulse. We find it therefore reasonable to assume that, during the 24-h incubation after toxin entry, the cytosol would be devoid of toxin A-fragment for many hours, and that a reversal reaction should have ample time to express itself and become detectable.
One plausible explanation for why we did not observe any recovery of protein synthesis upon treatment of cells with an unstable toxin could be that a substantial fraction of the cells were already dead. To test this, we measured the level of intracellular ATP in cells exposed to toxins with reduced intracellular stability. We found that the ATP content was not much reduced by the toxin treatment (Fig. 5) , indicating that most of the cells were metabolically active. The lack of a mechanism that repairs the damage caused by the toxin may be the basis for the extreme toxicity of diphtheria toxin, and the reason why many protein toxins act by ADP-ribosylating intracellular targets.
